Galleria mellonella larvae are widely used for assessing the virulence of microbial pathogens and for measuring the in vivo activity of antimicrobial agents and produce results comparable to those that can be obtained using mammals. The aim of the work described here was to ascertain the effect of pre-incubation at 15 C for 1, 3, 6 or 10 weeks on the susceptibility of larvae to infection with Candida albicans and Staphylococcus aureus. Larvae infected with C. albicans after 1 week pre-incubation at 15 C showed 73.3 § 3.3% survival at 24 hours post-infection while those infected after 10 weeks pre-incubation showed 30 § 3.3% survival (P < 0.01). Larvae infected with S. aureus after 1 week preincubation showed 65.5 § 3.3% survival after 24 hours while those infected after 10 weeks pre-incubation showed 13.3 § 3.3% (P < 0.001). Analysis of the haemocyte density in larvae pre-incubated for 3-10 weeks showed a reduction in haemocytes over time but a proportionate increase in the density of granular haemocytes in the population as determined by FACS analysis. Proteomic analysis revealed decreased abundance of proteins associated with metabolic pathways (e.g. malate dehydrogenase, fructose-1,6-bisphosphatase, glyceraldehyde-3-phosphate dehydrogenase) and prophenoloxidase. G. mellonella larvae are a useful in vivo model system but the duration of the pre-incubation stage significantly affects their susceptibility to microbial pathogens possibly as a result of altered metabolism.
Introduction
Due to the structural and functional similarities between the immune system of insects and the innate immune system of mammals [1] [2] [3] insects have become popular choices for evaluating the virulence of microbial pathogens and for measuring the potency and/ or toxicity of novel antimicrobial agents and produce results comparable to those that may be obtained using mammals. [4] [5] [6] The use of insects in these applications has many advantages including the ease of inoculation, lack of legal or ethical constraints and the fact that results may often be obtained within a relatively short space of time (e.g., 24 -48 hours). A variety of insects are now used as mini-models and these include Galleria mellonella (Greater Wax moth), Drosophila melanogatser (Fruit fly), Manduca sexta (Tobacco horn worm) and Bombyx mori (Silk worm). 1, 2, 7 Larvae of G. mellonella have been employed to assess the virulence of fungal 8, 9 and bacterial 10, 11 pathogens and a strong correlation between the virulence of a number of pathogens in larvae and mice has been demonstrated. 4, 5 G. mellonella larvae have also been employed to assess the potency and efficacy of novel antimicrobial agents. 12, 13 While insects are now popular and effective models, no standardized procedures for their use have been developed. 14 Larvae of G. mellonella are commonly stored at 15 C or room temperature and may be maintained under these conditions for 1 to 3 weeks in advance of inoculation. 14 We have previously established that variations in incubation temperature 15 physical stress 16 and the access to nutrients 17 significantly altered the response of G. mellonella larvae to infection. It was also established that prior exposure of larvae to yeast cells 18 or b-glucan 19 stimulated their immune response and lead to reduced sensitivity to infection. This priming effect was mediated by an elevated density of circulating haemocytes (immune cells) and increased abundance of immune related and antimicrobial proteins in the haemolymph.
The aim of the work presented here was to establish whether incubating G. mellonella larvae for extended periods at 15 C in advance of infection affected their susceptibility to infection and if so to determine how this was mediated. Identification of the role of pre-incubation in altering the larval immune response would be useful for those using larvae as an in vivo model system. C. albicans or S. aureus as described. 8 Subsequent to infection larvae were placed at 30 C and survival was monitored over 24h. The results demonstrated that those larvae that were incubated at 15 C for 3, 6 or 10 weeks were the most sensitive to infection with C. albicans with survival at 24h post-infection being 43.3 § 13.3% (P < 0.01), 46.7 § 6.6% and 30.0 § 10.0% (P < 0.05) respectively, while larvae infected after 1 week pre-incubation showed 73.3 § 3.3% survival at the same time point (Fig. 1) . Similarly, larvae pre-incubated for 3, 6 or 10 weeks and infected with S. aureus showed significantly reduced survivals 24h after inoculation, i.e. 24.1 § 6.6% (P < 0.01), 20.7 § 5.7% (P < 0.001) or 13.3 § 3.3% (P < 0.001) respectively, compared to larvae incubated for 1 week at 15 C in advance of infection which showed 65.5 § 3.3% survival at the same time point postinfection (Fig. 1) .
Pre-incubation leads to alteration in the haemocyte population of G. mellonella larvae
Haemocytes were extracted from larvae incubated at 15 C for up to 10 weeks and enumerated. The results demonstrated a decline (P < 0.05) in the haemocyte density of larvae incubated for 3, 6 or 10 weeks compared to the density in larvae incubated at 15 C for 1 week (Fig. 2) . FACS analysis was employed to establish if there was a change in the relative proportion of each haemocyte sub-population in larvae pre-incubated for up to 10 weeks. Haemocyte populations were differentiated on the basis of size and granularity and at least 5 distinct sub-populations, labeled P1, P2, P3, P5 and P7, were visible (Fig. 3) . The results (Fig. 4) demonstrated an increase in the relative abundance of P2 haemocytes (granular cells) in the total haemocyte population over time i.e., week 1; 23.8 § 2.1%, week 3; 44.0 § 9.4 % (P < 0.001), week 6; 30.3 § 1.3 % and week 10; 43.55 § 1.25 % (P < 0.001) while the proportion of P5 haemocytes (cells with globular inclusions) in the population decreased over time, i.e. week 1; 56.4 § 3.8 %, week 3; 37.65 § 8.75 (P < 0.001), week 6; 51.7 § 4.8 % and week 10; 43.55 § 1.25 % (P < 0.001) (Fig. 4) . The relative abundance of the other haemocyte populations (P1, P3 and P7) remained relatively constant in larvae incubated for 1, 3, 6 and 10 weeks (Fig. 4) .
Analysis of changes in proteome of larvae incubated for up to 10 weeks at 15 C The proteome of larvae incubated at 15 C for 1 or 10 weeks was resolved by 2D SDS-PAGE. In total, 14 peptide spots were shown to be altered in abundance in larvae (Fig. 5) . Proteins showing alteration in abundance were excised, digested and identified by LC/MS as described ( Table 1) . The results demonstrated that proteins associated with the prophenoloxidase (PPO) pathway (e.g. masquerade-like serine proteinase, protease serine 1 precursor and PPO subunit-2) showed a decrease in abundance at week 10 ( Table 1) . Proteins with functions in metabolic pathways (e.g., malate dehydrogenase, fructose-1,6-bisphosphatase and aliphatic nitrilase) also showed a decrease in abundance in those larvae incubated at 15 C for 10 weeks. In contrast, the relative abundance of selected immune proteins (e.g. apolipophorin 3 and b-1, 3-glucan recognition protein precursor) increased in abundance over the course of the incubation period. It was also observed that the abundance of transferrin precursor remained relatively constant while ferritin 1 heavy chain and ferritin 2 light chain demonstrated an increase in abundance in larvae incubated at 15 C for 10 weeks. In contrast, the abundance of arylphorin declined during the incubation period.
Label free quantitative analysis of week 1 and 10 haemolymph
In order to analyze changes in the total proteome of larvae, label free shotgun quantitative proteomics was performed. In total 1060 peptides were identified representing 140 proteins with 2 or more unique peptides from Galleria haemolymph. Fourteen statistically significant differentially abundant proteins Figure 1 . Susceptibility of G. mellonella larvae to infections with S. aureus or C. albicans. Larvae were incubated at 15 C for 1, 3, 6 or 10 weeks in advance of infection with S. aureus or C. albicans. Larvae were subsequently incubated for 24 h at 30 C at which time the survival was assessed. All values are the mean § SE of 3 independent determinations. (p refers to susceptibility compared to week 1 response). C for up to 10 weeks. Haemocytes were extracted from larvae incubated at 15 C for 1, 3, 6 and 10 weeks and enumerated.
www.tandfonline.comwere identified (ANOVA P < 0.05) of which 12 had a fold change >1.5 between week 1 and 10 haemolymph samples (Fig. 6 ). Four proteins had higher abundance in week 1 larvae and include a leucine-rich repeat-containing protein (2.6 fold change), kunitz-type protease inhibitor (5 fold change), juvenile hormone binding protein (5 fold change) and a chemosensory associated protein (5.3 fold change). Eight proteins were more abundant in week 10 haemolymph and include hemolin (4 fold change), silk protein 44 (2.4 fold change), defensin (2.8 fold change), ferritin 2 light chain (2.8 fold change), ferritin 1 heavy chain (2.6 fold change), Esterase (1.9 fold change), hexamerin (1.8 fold change) and serpin (1.7 fold change). Nine proteins were identified that were absent in all 4 replicates of one group ( Table 2) . Elongation factor 1, isocitrate dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase and hypothetical protein KGM_16590 were detected in week 1 haemolymph only. Odorant degrading enzyme cxe5, 23 kda glycoprotein, an alcohol dehydrogenase, protease inhibitor 3 and immune-related protein 2 were detected in week 10 haemolymph only.
Discussion
Insects have become popular and useful alternatives to the use of mammals for assessing the virulence of microbial pathogens and for determining the in vivo efficacy of antimicrobial agents. 1, 2, 6, 20 Despite their widespread use standardized procedures for their incubation and infection have not yet been developed or adopted.
14 G. mellonella larvae are commonly incubated at 15 C or room temperature for various periods of time prior to infection. In the results presented here evidence is provided that incubation of larvae at 15 C for up to 10 weeks prior to infection leads to a decrease in the ability of G. mellonella larvae to withstand bacterial and fungal infection. Larvae incubated at 15 C for 3 weeks or more showed a lower density of haemocytes and the composition of the haemocyte population was altered compared to that in larvae incubated for 1 week. Previous work demonstrated a reduction of 31.8% in the number of circulating haemocytes in 4 week old Drosophila relative to that in one week old flies. The same study also observed that the phagocytosing capacity of cells reduced from 24.3% § 1.15% in one week old flies to 16.7% § 0.99% in 4 week old flies. 21 While the overall density of haemocytes decreased there was an increase in the relative proportion of P2 haemocytes but a corresponding decrease in the proportion of P5 haemocytes in larvae incubated for up to 10 weeks. P5 haemocytes demonstrated globular inclusions and resembled adipohaemocytes 1, 22 which store energy in the form of lipids and glycogen. 22 The reduction in P5 cells in the haemocyte population of larvae incubated for up to 10 weeks may be an indication that energy reserves in the form of lipids are being utilized by the larvae during the prolonged incubation stage. The P2 haemocytes are granular cells which function in phagocytosing pathogens. 1, 22 The increase in the proportion of P2 haemocytes in the population occurs as the overall density of haemocytes declines by approximately 40% (Fig. 2) .
Analysis of the changes in the proteome of larvae incubated at 15 C for 10 weeks indicated decreased abundance of a number of proteins involved in metabolism Malate dehydrogenase, an enzyme associated with the TCA cycle, aliphatic nitrilase and fructose-1,6-bisphosphatase demonstrated a decrease in abundance. Aconitase, an enzyme in the TCA cycle, and adenine nucleotide translocator which regulates the intra-mitochondrial ADP/ATP ratio, were also shown to decline by approximately 50% in abundance during aging in insects. 23, 24 The abundance of proteins with homology to prophenoloxidase subunit-2, masquerade-like serine proteinase and protease serine 1 precursor declined in larvae pre-incubated for 10 weeks relative to the control ( Table 1) . Serine type proteases were also downregulated at the gene transcript level in aged Drosophila. 25 Masquerade-like serine proteinase has been demonstrated to have PRR capability toward bacterial and fungal cell wall components and functions in phenoloxidase activity. 26, 27 The reduced levels of PPO and serine proteinases from long term storage of larvae at 15 C highlights their limited melanisation capacity. The label free analysis also demonstrated the absence of protease inhibitor 3 and a lower abundance of serpin but a significant fold increase in kunitz-type protease inhibitor in one week pre-incubated larvae which may contribute to inhibition of PPO activation, in the absence of a microbial challenge. In contrast the abundance of ferritin 1 heavy chain and ferritin 2 light chain increased over time particularly in the 10 week pre-incubated larvae when analyzed using 2D SDS PAGE and label free proteomic analyses. Figure 5 . 2D SDS PAGE gels of G. mellonella haemolymph from larvae pre-incubated for 1 or 10 weeks. Haemolymph was extracted from larvae incubated for 1 (A) or 10 (B) weeks and proteins were resolved on a 12.5% acrylamide gels as described. Proteins showing alterations in abundance over the course of the incubation period were identified (1 -14) , excised, digested and analyzed by LC/MS. Ferritins function in iron storage 28 and transport, 29 and have antioxidant properties. 30 Increased expression of ferritin may improve resistance to oxidative stress. 31 The relative abundance of apolipophorin-3 increased in 10 week pre-incubated larvae. The abundance of hemolin was observed to decline in the 2D SDS PAGE analysis ( Table 1 ) but increased through the label free proteomic analysis (Fig. 6) . Hemolin is upregulated in response to infection 32 and prior to metamorphosis into pupa, 33 therefore a lower abundance would support the observation of enhanced susceptibility to infection in 10 week pre-incubated larvae. In contrast b-1, 3-glucan recognition protein precursor showed an increase of 81% in abundance in larvae pre-incubated for 10 weeks relative to those incubated for one week. The abundance of apolipophorin and arylphorin was reduced in 10 week pre-incubated larvae when compared to that in one week pre-incubated larvae. Apolipophorin is known to enhance clotting and cellular and humoral defenses. 34 The up-regulation of some PRRs and immune peptides in 10 week pre-incubated larvae may be as a result of decreased phagocytosis ability and melanisation potential which has been observed in Drosophila. 35 The increased susceptibility of larvae to infection observed here may arise as a result of a change in the metabolism of larvae due to the prolonged incubation at 15 C. The alteration in the relative populations of haemocytes and the decreased abundance of selected metabolic proteins (e.g., malate dehydrogenase, aliphatic nitrilase, fructose-1,6-bisphosphatase ( Table 1 ) and isocitrate dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase ( Table 2) ) may indicate a change in the physiology of larvae to adapt to the prolonged incubation state. These findings have implications for those utilizing G. mellonella larvae and this effect may contribute to some of the inter-experimental variability that can be encountered when using larvae as in vivo models. 16 Using larvae that have been incubated for different periods of time prior to infection with a pathogen of interest will give variable results. As a consequence steps should be taken to ensure that larvae of the equivalent age are used and preferably those that have been stored for less than 3 weeks. However, this finding may be exploited if studying pathogens of relatively low virulence 36 where larvae pre-incubated for extended periods (3 -10 weeks) and with a weaker immune response may be more susceptible to infection compared to those pre-incubated for only a short period of time. Figure 6 . Volcano plot representing differential abundances in proteins between haemolymph extracted from week 1 and week 10 incubated G. mellonella larvae. Fold changes in protein abundance are plotted against the negative logarithmic p value of a t-test. Proteins above the line are statistically significant (P < 0.05) and positive and negative fold changes indicate higher abundance in weeks 10 and 1 larvae respectively. Table 2 . Protein LFQ intensities from individual haemolymph samples from G. mellonella larvae incubated for 1 and 10 weeks. Zero values indicate proteins that were apparently absent or non detected in a given sample and only proteins that were absent in all 4 replicates of one group but present in 3 of the 4 replicates of the other were consider for further discussion While G. mellonella larvae are now widely used for assessing the virulence of microbial pathogens 4, 5, 8, 10, 11 and for measuring the efficacy of antimicrobial agents 12, 13, 20 their potential usefulness for studying Listeria induced neural pathologies has been described. 37 The continued exploitation of insects as models of infection will depend upon the standardization of parameters for their use. This work shows that storage conditions need to be optimized to ensure reproducibility of results.
Materials and Methods
Inoculation of Galleria mellonella larvae Sixth instar larvae of G. mellonella (Lepidoptera: Pyralidae, the Greater Wax Moth) (Mealworm Company, Sheffield, England) were stored in the dark at 15 C in wood shavings 19 for 1, 3, 6 or 10 weeks prior to use. Larvae were stored immediately upon receipt from the supplier. Larvae weighing 0.27 § 0.005g were inoculated with 20 ml of PBS containing either 1 £ 10 6 C. albicans cells or 4 £ 10 7 S. aureus cells through the last pro-leg using a Myjector U100 insulin syringe (Terumo Europe, Leuven, Belgium) as described previously. 
Determination of haemocyte density
The density of circulating haemocytes in larvae was assessed as described previously. 36 Experiments were performed on 3 independent occasions and the means § standard errors (SE) were determined.
Extraction of Haemocytes for Fluorescence-activated cell sorting (FACS) Analysis
Haemolymph (150 ml) was extracted from larvae as described 36 and diluted in ice cold PBS (800 ml). Haemocytes were enumerated and the density was adjusted to 1 £ 10 6 cells/ ml. Cells were fixed in 4% formaldehyde (Sigma-Aldrich) in PBS for 10 mins at 4 C. Haemocytes were washed in 1% BSA/PBS, 1500 x g for 5min at 4 C and re-suspended in BSA/PBS at a density of 1 £ 10 6 cells/ml. Haemocyte populations were characterized using a FACSAria (Becton Dickinson) flow cytometer and cells were differentiated based on side and forward scatter with a total of 10,000 events measured per sample. Cells were subsequently separated using a cell sorter and images of haemocytes were captured using an Olympus IX81 confocal immunofluorescence microscope.
D SDS-PAGE analysis of protein expression in larvae
Haemolymph (100 ml) was collected into a pre-chilled microcentrifuge tube from larvae pre-incubated at 15 C for 1 or 10 weeks and haemocytes were removed by centrifugation (1500g, 5min at 4 C). The protein concentration was determined by the Bradford assay before adjusting to 200 mg per sample in isoelectric focusing buffer (IEF). Isoelectric focusing of protein samples on a pH 4-7 strip (GE Healthcare) and subsequent protein separation by mini-2D electrophoresis was performed as described. 18 Each 2D gel was scanned on a Hewlett Packard scanjet 5100c scanner and the images were analyzed using Progenesis SameSpot Software (Nonlinear Dynamics, Newcastle, UK). Progenesis software enabled the analysis of protein expression changes between gel replicates with significance determined using ANOVA. A table of protein spots was built and every protein was linked to the matching proteins between the gels creating a list of proteins that can be cross referenced as a final check to ensure correct alignment.
LC/MS analysis of peptides
In-gel digestion was performed on spots resolved by 2D-SDS-PAGE on a reference gel. The gel pieces were excised, trypsin digested 38 and fragmented protein samples were eluted through an LC/MS (Aglient 6340 Ion Trap) which determines the relative charge to mass ratio from detected ionized particles. The data were searched against the NCBI non redundant database using the mascot search engine to identify proteins (www. matrixscience.com). MASCOT scores above 67 were deemed to have a significant match (P < 0.05). The mass error tolerance was 1 Da allowing for a maximum of no more than 2 missed cleavages. Verification of protein sequences was confirmed by blasting the protein sequence on the Uniprot (www.uniprot.org) and NCBI (www.ncbi.nlm.nih.gov) websites. Progenesis was used to determine the protein fold changes between 2-Dimensional gels.
Label free quantitative proteomics of larval haemolymph Label free shotgun quantitative proteomics was conducted on haemocyte-free haemolymph from 1 week and 10 week pre-incubated larvae. Protein (75 mg) was reduced with dithiotreitol (DTT; 200 mM) (Sigma-Aldrich), alkylated with iodoacetamide (IAA; 1 M) (Sigma-Aldrich) and digested with sequence grade trypsin (Promega, Ireland) at a trypsin:protein ratio of 1:40, overnight at 37 C. Tryptic peptides were purified for mass spectrometry using C18 spin filters (Medical Supply Company, Ireland) and 1 mg of peptide mix was eluted onto a QExactive (ThermoFisher Scientific, USA) high resolution accurate mass spectrometer connected to a Dionex Ultimate 3000 (RSLCnano) chromatography system. Peptides were separated by an increasing acetonitrile gradient on a Biobasic C18 PicofritTM column (100 mm length, 75 mm ID), using a 120 mins reverse phase gradient at a flow rate of 250 nL /min. All data were acquired with the mass spectrometer operating in automatic data dependent switching mode. A high resolution MS scan (300-2000 Dalton) was performed using the Orbitrap to select the 15 most intense ions prior to MS/MS. Protein identification from the MS/MS data was performed using the Andromeda search engine 39 in MaxQuant (version 1.2.2.5; http://maxquant.org/) to correlate the data against a 6-frame translation of the EST contigs for G. mellonella. 40 The following search parameters were used: first search peptide tolerance of 20 ppm, second search peptide tolerance 4.5ppm with cysteine carbamidomethylation as a fixed modification and Nacetylation of protein and oxidation of methionine as variable modifications and a maximum of 2 missed cleavage sites allowed. False Discovery Rates (FDR) were set to 1% for both peptides and proteins and the FDR was estimated following searches against a target-decoy database. Peptides with minimum length of 7 amino acid length were considered for identification and proteins were only considered indentified when more than one unique peptide for each protein was observed.
Results processing, statistical analyses and graphics generation were conducted using Persues v. 1.5.0.31. LFQ intensities were log2-transformed and ANOVA of significance and t-tests between the haemolymph proteomes of week 1 and week 10 larvae was performed using a p-value of 0.05 and significance was determined using FDR correction (Benjamini-Hochberg). Proteins that had non-existent values (indicative of absence or very low abundance in a sample) were included in the study only when they were completely absent from one group and present in at least 3 of the 4 replicates in the second group (referred to as qualitatively differentially abundant proteins). The Blast2GO suite of software tools was utilised to assign gene ontology terms (GO terms) relating to biological processes, molecular function and cellular component. Enzyme commission ( EC ) numbers and Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway mapping was performed as part of the Blast2GO annotation pipeline. 41 
Statistical analysis
All experiments were performed on 3 independent occasions and results are expressed as the mean § SE. Changes in larval survival were analyzed with the log rank (Mantel-Cox) method. Analysis of changes in haemocyte density and protein abundance were performed by One-way ANOVA. FACS results were analyzed using Two-way ANOVA with all statistical analysis listed performed using GraphPad Prism version 5.00 for Windows 8, GraphPad Software, San Diego California USA, (www.graph pad.com). Differences were considered significant at P 0.05.
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